Abstract This study presents new major and trace element, mineral, and Sr, Nd, and noble gas isotope geochemical analyses of basalts, gabbro, and clinopyroxenite from the Mariana Arc (Central Islands and Southern Seamount provinces) including the forearc, and the Mariana Trough (Central Graben and Spreading Ridge Xe is also observed in this sample suggesting primordial noble gases in the mantle source. The Mariana Trough basalts indicate that both fluid and sediment components contributed to the basalts, with slab-derived fluids dominating beneath the Spreading Ridge, and that sediment melts, characterized by high La/Sm and relatively low U/Th and Zr/Nb, dominate in the source region of basalts from the Central Graben.
INTRODUCTION
In subduction zones, subducted sediment, hydrated oceanic crust, and mantle lithosphere all interact with the overlying mantle wedge, causing chemical compositional and physical changes in the mantle wedge, and resulting in a heterogeneous source for island arc magmas. In addition, the Mariana Arc-Trough system records changing tectonic and melt generation processes that are typically associated with evolving back-arc basins, such as the Mariana Trough (e.g. Gribble et al. 1998; Kelley et al. 2010) . The Mariana Arc is subdivided along strike into the Northern Seamount Province, the Central Island Province, and the Southern Seamount Province (Stern et al. 1988) . The Mariana Trough backarc basin is also subdivided along strike. Martinez et al. (1995) divided the extensional axis of the Mariana Trough into four sections (see Fig. 1 ): (i) the northern volcano-tectonic zone (NVTZ, 23.1°N-22.1°N), characterized by asymmetric rifting; (ii) the southern volcano-tectonic zone (SVTZ, 22.1°N-21.0°N), characterized by southward-progressive separation of the extensional axis from the arc; (iii) the Central Graben (21°N-19.7°N), characterized by mechanical extension; and (iv) the Spreading Ridge (south of 19.7°N), where seafloor spreading takes place. Rifting-related lavas close to the NVTZ-SVTZ area that formed during the earliest stages of northern Mariana Trough evolution are indistinguishable from Mariana Arc lavas (Stern et al. 1990; Gribble et al. 1998) . In comparison, spreading-related back-arc basin basalts (BABB) from the southern Mariana Trough have midocean ridge basalt (MORB)-like compositions (Gribble et al. 1996) , while the genesis of basalts within the Central Graben is only studied in reconnaissance . It is well known that the majority of BABB are generated from regions of depleted mantle that is enriched in volatiles, Ba, Th, U, and Pb derived from the subducting slab (e.g. Stern et al. 1990; Saunders et al. 1991; Woodhead et al. 1993; Pearce et al. 1995; Gribble et al. 1998; Fretzdorff et al. 2002) . Recently, Woodhead et al. (2012) indicated the importance of characterizing the "ambient mantle", prior to modification by slab-derived fluids or melts, in order to properly interpret the origins of subduction zone magmas. Mariana Arc magmas were generated as a result of partial melting of convecting asthenosphere above the subducting Pacific lithosphere and these arc lavas show that the mantle wedge was affected by the addition of subducted sediment melts or fluids released during dehydration of the oceanic crust or serpentinite (e.g. Stern et al. 1993; Elliott et al. 1997; Peate & Pearce 1998; Stern et al. 2006; Barnes et al. 2008; Kelley et al. 2010; Marske et al. 2011; Tamura et al. 2014) .
In the present paper, we present new major and trace element, and Sr, Nd, and noble gas isotope data for fresh igneous rocks from the extensional axis of the Central Graben and Spreading Ridge in the Mariana Trough, from the magmatic front of the Mariana Arc, and from the southernmost Mariana forearc (Fig. 1) . The new data contribute to our current understanding of the spatial geochemical variations between magma sources for arc and back-arc basins, from initial rifting through seafloor spreading. These spatial variations may be related to transport of slab-derived components into the mantle wedge over much wider areas above the subduction zone than is currently thought. We aim to identify the petrogenetic processes and the key components that control geochemical compositional variations in the mantle source of magmas in the Mariana ArcTrough system. As mentioned before, a great deal of work has been done about radiogenic isotopic (e.g. Sr, Nd, and Pb) and trace elemental characteristics of samples from the Mariana ArcTrough system, which identifies subductionmodified mantle and slab-derived components (e.g. Gribble et al. 1996; Elliott et al. 1997; Pearce et al. 2005; Stern et al. 2006; Tamura et al. 2014) , whereas much less is known about noble gas isotopic compositions (Sano et al. 1986 (Sano et al. , 1998 Ikeda et al. 1998) . Noble gases have a pivotal role to play in addressing the volatile mass balance between the Earth's interior and exterior reservoirs (Hilton et al. 2002) .
In this contribution, noble gas isotope data provide important information that enables the relative roles of mantle and subducted materials during magma generation to be understood, distinguishing between contributions from different recycled subducted reservoirs such as fluid and sediment melt components (Poreda 1985; Sano et al. 1986 Sano et al. , 1998 Gasparon et al. 1994; Ikeda et al. 1998; Ikeda et al. 2001) . The recycling efficiency of noble gases into the mantle is poorly known. Recent studies have revealed the recycling of heavy noble gases (Jambon et al. 1986; Ozima & Podosek 2002) . This paper provides evidence for recycling of Kr and Xe through subduction zones and the arc. These data allow us to discuss the implications of the spatial variations from the magmatic front to the back-arc basin with respect to variations in mantle and slab-derived contributions.
GEOLOGIC SETTING AND SAMPLE LOCATIONS
The Mariana Arc-Trough system forms the southern half of the Izu-Bonin-Mariana (IBM) arc system, a 2500-km long intra-oceanic convergent margin extending from central Japan in the north to Guam in the south (Fig. 1) . The IBM arc developed in response to subduction of the Pacific Plate beneath the Philippine Sea Plate. Dredge locations where samples were obtained for analysis during this study are shown in Figure 1 and listed in Table 1 .
The Mariana Arc is subdivided into three provinces by Stern et al. (1988) : the Northern Seamount Province (NSP, 20.7°N-24.0°N), the Central Islands Province (CIP, 16.0°N-20.7°N), and the Southern Seamount Province (SSP, south of 16.0°N). Igneous rock samples from the magmatic front were recovered on the Cook 07 expedition of the Scripps Institution of Oceanography research vessel (R/V) Melville during 2001, with dredged samples D50 and D41 from the CIP, and D65, D31, and D14 from the SSP. The compositions of some D50 basalts are also reported in Stern et al. (2006) . Most samples are fresh basalts with plagioclase, clinopyroxene, and olivine phenocrysts, with a single cumulate-textured gabbro sample from D41 dominated by plagioclase, clinopyroxene, and olivine. Fresh cumulatetextured clinopyroxenite with minor interstitial olivine were sampled at D8 during the 2003 KH03-3 cruise of the University of Tokyo's R/V Hakuho Maru. This site lies on the landward slopes of the Mariana Trench and brings a sample of the southern Mariana forearc.
The Mariana Trough is an actively extending back-arc basin to the west of the Mariana Arc, with an extensional axis in the northern Mariana Trough that is propagating northwards into the NSP. Seafloor spreading characterizes extension in the south and rifting to the north of 19.7°N. Samples from the Spreading Ridge were obtained by dredging during the Cook 07 expedition, with sites D3 and D68 recovering pillow basalts with fresh glass. In addition, dredges D04, D06, D08, D11, D12, D19, D20, and D21 were collected from the extensional axis of the Central Graben during the 2002 KR02-01 expedition of the Japan Marine Science and Technology Center's R/V Kairei; this recovered pillow basalts with very fresh glass.
ANALYTICAL TECHNIQUES AND SAMPLE PREPARATION
Clean glass separates isolated from Mariana Trough pillow basalt rinds, bulk rock (free of Mn crust and alteration minerals) and olivine separates from the Mariana Arc basalt and gabbro were analyzed. The olivine formed phenocrysts in the basalt and gabbro. Clean olivine grains were handpicked from crushed rocks. Rock chips were rinsed in an ultrasonic bath and soaked in hydrogen peroxide with hot distilled de-ionized water for 1-3 weeks until the wash water remained clear following the addition of AgNO 3 ; this rinsing and soaking was undertaken to remove as much seawater contamination as possible. These rock chips, glassy pillow rinds from the Mariana Trough and bulk rocks from the Mariana Arc basalt and gabbro, and clinopyroxenite bulk rocks from the Mariana forearc were powdered in an agate mill for major and trace element, and Sr and Nd isotope analyses. Olivine grains (>1 mm) from the M a r i a n a A r c b a s a l t a n d g a b b r o , a n d clinopyroxenite (2-5 mm) bulk rocks from the Mariana forearc, and glassy pillow rinds (2-5 mm) from the Mariana Trough were cleaned ultrasonically in hydrogen peroxide, hot distilled de-ionized water, ethanol, and acetone prior to noble gas isotopic analysis.
The compositions of mineral phases in which noble gases were measured were analyzed using a 524 4,126-3,474 4,296-4,119 3,931-3,730 Rock Depth m 4,606-4,451 4,459-4,438 4,638-4,454 4,228-4,160 4,132-4,089 4,300-4,239 4,047-3,751 3,384-3,252 Rock Motoyoshi and Shiraishi (1995) , Motoyoshi et al. (1996), and Seno et al. (2002) . Other trace element concentrations in Mariana whole rocks were measured at Activation Laboratories Ltd. (Ontario, Canada) by inductively coupled plasma-mass spectrometry (ICP-MS).
Sr and Nd isotopic compositions of the whole rock samples were determined using a Finnigan MAT 262 solid source mass spectrometer at Niigata University, Japan, using the extraction procedures for Sr and Nd from rock powder suggested by Ikeda (2006 Nd value of 0.511858 for the LaJolla standard (Tanaka et al. 2000) .
Samples for noble gas isotopic analysis (olivines from basalts and gabbros, and rock chips from the clinopyroxenite) weighing between 0.5 and 1.0 g were wrapped in 10 μm thick Al foil. Wrapped samples were placed inside a sample holder connected to an ultrahigh-vacuum line for noble gas extraction and purification. During extraction line baking, samples were heated to about 150°C for more than a day to remove atmospheric contamination. Noble gases were extracted by melting the sample in a Mo crucible at 1800°C, then purifying the extracted gases by exposure to hot Ti-Zr getters. The noble gases were then separated into two fractions (He + Ne and Ar + Kr + Xe) using a charcoal trap at liquid nitrogen temperatures, with Ne separated from He by adsorption onto a cryogenically cooled sintered stainless steel trap at 15 K. After He measurements, Ne was desorbed from the cryogenic trap at 45 K. The Ar + Kr + Xe fraction was desorbed from the charcoal and separated into each element using a cryogenic trap at 105 K (to trap Kr and Xe), 135 K (to trap Xe), and 230 K (to desorb Xe). Abundances and isotopic compositions were measured using a modified VG 5400 (MS-3) mass spectrometer at the University of Tokyo. Pipetted atmospheric noble gases and an HESJ 3 He/ 4 He gas standard (Matsuda et al. 2002) were used to determine sensitivities and mass discriminations for all noble gas isotopes. Typical blank levels during analysis were as follows: À14 cm 3 STP (Standard Temperature and Pressure). Errors for isotope ratios were given at one standard deviation, and uncertainties for concentrations were estimated to be about ±10 %.
RESULTS

MINERAL CHEMISTRY
The major element compositions of minerals that were analyzed for noble gases are presented in Appendix (Tables A1, A2 ). These include olivine phenocrysts from representative Mariana Arc samples (D14-1-2, D31-1-1, D31-2-3, D50-2-1, D65-2-2) as well as the olivine separates from the gabbro (D41-1-1) and clinopyroxenite (D8-301) and clinopyroxenes from the clinopyroxenite.
Olivines in sample D31-2-3 show a large range in forsterite content . Olivines in other samples including the gabbro and clinopyroxenite show limited variation in forsterite content (D50-2-1: Fo 75 ; D31-1-1: Fo 74 ; D14-1-2: Fo 87-90; D65-2-2: Fo 8 1 ; D41-1-1 (gabbro): Fo 7 9 -8 0 ; D8-301 (clinopyroxenite): Fo 79 ). NiO contents in all olivines, including those from the gabbro and clinopyroxenite, are less than 0.17 wt % showing differentiation features. Clinopyroxenes in the clinopyroxenite (D8-301) are of almost constant composition (Mg = 83-84).
MAJOR AND TRACE ELEMENT VARIATIONS
The whole rock data are shown in Tables 1 and 2 . Most Mariana Trough basalts define a low-K suite, whereas most Mariana Arc basalts define a medium-K suite (Fig. 2) . The TiO 2 vs FeO*/MgO diagram ( Fig. 3) shows that Mariana Trough basalts have higher Ti contents and fall in the field defined by MORB, whereas arc rocks contain less Ti. The Mariana Arc data with low FeO*/MgO (≈ 0.5) include the gabbro and clinopyroxenite, together with the picritic basalts (MgO ≈ 15 wt%; D14-1-2, D14-1-4, and D14-1-5).
Trace element variation diagrams show that patterns of N-MORB normalized trace elements become flatter from the Mariana Arc basalts and igneous rocks (MA, including the gabbro and clinopyroxenite) through basalts of the Mariana Trough Central Graben (MTCG) to basalts of the Mariana Trough Spreading Ridge (MTSR) (Fig. 4 shows mean values). They all have an identifiable arc signature, exhibiting enrichments in fluid mobile elements (Rb, Ba, U, K, and Sr) and depletions in high field strength incompatible elements (Nb, Zr, and heavy REE) as described by Stern et al. (2003) .
Sr AND Nd ISOTOPE VARIATIONS
The Sr and Nd isotope analyses are shown in ; Kurz 1991; Fig. 6 ) that is maintained across a 9000-fold range. This trend cannot result from degassing and subsequent ingrowth of radiogenic 4 He during magmatic differentiation, from post-eruptive contamination with seawater-derived atmospheric helium, or from diffusive loss of magmatic helium. It most likely reflects the He isotopic signatures of magma Ikeda and Yuasa (1989) . Symbols are the same as those in Fig. 2 . sources, as discussed for Lau Basin basalts by Honda et al. (1993a) . In contrast, the few Mariana Arc samples with low 3 He/ 4 He ratios and 4 He concentrations less than 2 × 10 -9 cc/g do not have average MORB isotopic compositions; these lower 3 He/ 4 He ratios can be due to radiogenic ingrowth of 4 He after magma formation. Atmospheric contamination including seawater does not significantly affect the 3 He/ 4 He ratios because 4 He/ 20 Ne ratios of these samples are greater than 12 (Table 4) as discussed by Sano and Wakita (1985) .
Neon isotopic compositions are illustrated on a three-isotope plot ( 20 Ne/ 22 Ne versus
21
Ne/ 22 Ne) in Figure 7 , and indicate that Mariana Arc samples contain atmospheric neon, whereas most Mariana Trough samples plot on the MORB array trend (Sarda et al. 1988 ) and the Manus Basin trend (Shaw et al. 2001) as shown in Ikeda et al. (1998) and Sano et al. (1998) (Fig. 8) .
40 Ar* (radiogenic argon) concentrations are plotted against 4 He/ 40 Ar* ratios in Figure 9 . It is assumed that unfractionated magmas derived from mantle sources should have constant 4 He/ 40 Ar* ratios, as this ratio is controlled by the K/U and Th/U ratios of the mantle (Allègre et al. 1986 plained by elemental fractionation within the magma by vesiculation after partial melting of the mantle (Jambon et al. 1986; Sarda & Graham 1990 ). In addition, high 4 He/ 40 Ar* ratios coupled with lower 40 Ar* values for the Mariana Arc and Trough samples can be explained by solubilitycontrolled degassing, as is often observed in MORB (Jambon et al. 1986; Moreira & Sarda 2000; Burnard et al. 2002) .
Mariana Arc and Mariana Trough samples have krypton and xenon isotope ratios that are similar to atmospheric values, indicating minimal mass fractionation effects, although correlated excesses in 129 Xe are found in some Central Graben samples (D04-001, D08-303, D12-031), similar to those found in BABB and MORB by Ikeda et al. (1998) and Staudacher and Allègre (1982) . One sample (D08-303) also shows excesses of 20 Ne and 21 Ne, suggesting primordial noble gases in the mantle source.
DISCUSSION
IMPLICATIONS FOR MANTLE COMPONENTS IN THE MARIANA ARC-TROUGH SYSTEM
The mantle wedge beneath the Mariana Arc and the Mariana Trough has geochemical and isotopic compositions indicating that it is relatively depleted in high field strength elements such as Nb, He ratio from Kurz (1991) . The shaded zone is the compositional range of Mariana Trough basalt from Ikeda et al. (1998) . Symbols are the same as those in Fig. 2 . (Kaneoka & Takaoka 1985) . The shaded zone is the compositional range of Mariana Trough basalt from Ikeda et al. (1998) and Sano et al. (1998) . Symbols are the same as those in Fig. 2 . relative to MORB, as is generally observed in convergent margin melts.
Incompatible elements such as Rb, K, Ba, Pb, and U are preferentially partitioned into aqueous fluids derived from the subducted slab. In contrast, high field strength incompatible elements such as Nb, Zr, and heavy rare earth elements are depleted in convergent margin magmas. Nb is probably mobilized from a rutile-bearing slab only by melting (Pearce et al. 2005) . Thus, incompatible element ratios such as Ba/Th, La/Sm, U/Th, and Zr/Nb can discriminate between the two components responsible for most of the compositional variations observed in subduction zone magmas (Hawkins & Melchior 1985; Sano et al. 1986; Volpe et al. 1987; Hawkins et al. 1990; Stolper & Newman 1994; Gribble et al. 1996; Ikeda et al. 1998; Sano et al. 1998; Macpherson et al. 2000; Pearce et al. 2005) . Basalts from the Mariana Trough Central Graben are also MORB-like but again trend away from MORB compositions toward both fluid and sediment melt compositions. The magmatic expression of the earliest Mariana Trough rifting (23°N-21°N: Northern VolcanoTectonic Zone and Southern Volcano-Tectonic Zone) is largely indistinguishable from Mariana Arc lavas (Stern et al. 1990; Gribble et al. 1998) . In the Central Graben, as extension continues, the rift axis becomes progressively more distant from the arc magmatic flux and can undergo magmatic extension (Gribble et al. 1998) and contamination by assimilation of rifted arc crust. As shown by Gribble et al. (1998) , the distance between the axis of extension and the zone of sub-arc mantle downwelling is sufficient to allow the establishment of mantle upwelling and generate a MORBlike decompression melting system although slab signals are still detectable in the lavas.
In general, a subducted slab with old oceanic crust, oceanic sediment, and fluids that are returned to the mantle in subduction zones is Sun and McDonough (1989) . AOC, altered oceanic crustal material (Staudigel et al. 1996 , Hochstaedter et al. 2001 . Symbols are the same as those in Fig. 2 . et al. (1997) . AOC, altered oceanic crustal material (Staudigel et al. 1996; Hochstaedter et al. 2001) . Symbols are the same as those in Fig. 2 Sano et al. (1998) and Ikeda et al. (1998) show that the mantle wedge is the principal source of volatiles where circumstances limit the amount of atmosphere-derived contributions (Hilton et al. 2002) . Most Mariana Trough samples plot close to the MORB correlation line in the three-neon isotope systematics (Fig. 7) Ne ratios (>12) for the Mariana Arc samples suggest that they are contaminated by the atmosphere, including seawater. Bach and Niedermann (1998) proposed that the atmospheric noble gases come from the subducting oceanic crust and are not due to shallow contamination with air dissolved in seawater or assimilation of old crust. Furthermore, Bach and Niedermann (1998) (Fig. 12) , suggesting the relationship between He isotopic compositions and the extent of slab-derived fluid fluxing of the mantle wedge, as discussed by Bach and Niedermann (1998) .
In a 4 He/ 40 Ar* vs Ba/Nb diagram (Fig. 13) 
